Xenon (Xe) suppresses wide dynamic range neurons in cat spinal cord to a similar extent as nitrous oxide (N 2 O). The antinociceptive action of N 2 O involves the descending inhibitory system. To clarify whether the descending inhibitory system is also involved in the antinociceptive action of Xe, we compared the effects of Xe on the spinal cord dorsal horn neurons with those of N 2 O in spinal cord-transected cats anesthetized with ␣-chloralose and urethane. We investigated the change of wide dynamic range neuron responses to touch and pinch by both anesthetics. Seventy percent Xe significantly suppressed both touch-and pinch-evoked responses in all 12 neurons. In contrast, 70% N 2 O did not show significant suppression in touch-and pinchevoked responses. These results suggest that the antinociceptive action of Xe might not be mediated by the descending inhibitory system, but instead may be produced by the direct effect on spinal dorsal horn neurons. Implications: Xenon (Xe) is an inert gas with anesthetic properties. We examined the antinociceptive effects of Xe and nitrous oxide (N 2 O) in spinal cordtransected cats. Our studies indicate that Xe has a direct antinociceptive action on the spinal cord that is greater than that of N 2 O.
Xenon (Xe) suppresses wide dynamic range neurons in cat spinal cord to a similar extent as nitrous oxide (N 2 O). The antinociceptive action of N 2 O involves the descending inhibitory system. To clarify whether the descending inhibitory system is also involved in the antinociceptive action of Xe, we compared the effects of Xe on the spinal cord dorsal horn neurons with those of N 2 O in spinal cord-transected cats anesthetized with ␣-chloralose and urethane. We investigated the change of wide dynamic range neuron responses to touch and pinch by both anesthetics. Seventy percent Xe significantly suppressed both touch-and pinch-evoked responses in all 12 neurons. In contrast, 70% N 2 O did not show significant suppression in touch-and pinchevoked responses. These results suggest that the antinociceptive action of Xe might not be mediated by the descending inhibitory system, but instead may be produced by the direct effect on spinal dorsal horn neurons. Implications: Xenon (Xe) is an inert gas with anesthetic properties. We examined the antinociceptive effects of Xe and nitrous oxide (N 2 O) in spinal cordtransected cats. Our studies indicate that Xe has a direct antinociceptive action on the spinal cord that is greater than that of N 2 O.
(Anesth Analg 1999;88:893-7) X enon (Xe) has many interesting characteristics as an inhaled anesthetic and theoretically could be a suitable replacement for nitrous oxide (N 2 O) (1). Compared with N 2 O, Xe has some advantages; it is nontoxic (2) and nonreactive (1), and its anesthetic potency (minimum alveolar anesthetic concentration 71% in human) (3) is higher than that of N 2 O (MAC 104%) (4). Furthermore, Xe has a low blood/gas partition coefficient (0.14) (5). Although high cost is likely to be a major impediment to the regular use of Xe, this may be minimized by using a low-flow or closedcircuit anesthetic system (6,7). Despite its usefulness in clinical settings, the precise mechanism of the antinociceptive effects of Xe is unclear. We compared the effects of Xe on the spinal cord dorsal horn neurons with those of N 2 O in spinal cord-intact cats and concluded that Xe and N 2 O suppressed the spinal cord dorsal horn neurons to a similar degree (8) . The antinociceptive action of N 2 O involves the descending inhibitory system from the brainstem (9, 10) . To clarify whether the descending inhibitory system is also involved in the antinociceptive actions of Xe, we compared the effects of Xe with those of N 2 O on the spinal cord dorsal horn neurons in spinal cord-transected cats.
Methods
Eight cats of either sex (3.2-5.1 kg) were used in this study, which was approved by our institutional committee on animal research. Cats were first anesthetized by ketamine hydrochloride (20 mg/kg), and atropine sulfate (0.01 mg/kg) was administered IM. The trachea was intubated after IV vecuronium (0.02 mg/kg) administration, and the lungs were mechanically ventilated. Vecuronium was supplemented as required during this experiment. Surgical procedures were performed under halothane (1.0%-2.0%)/100% oxygen anesthesia until spinal cord transection. After spinal cord transection, anesthesia was changed to the IV administration of 3.5 mL/kg ␣-chloralose and urethane solution (␣-chloralose 10 mg/mL and urethane 125 mg/mL). Ventilation was controlled to keep the end-tidal carbon dioxide at approximately 30 mm Hg. The rectal temperature was maintained at 37.5 Ϯ 0.5°C using a feedback-controlled radiant heater and a blanket (11) . The right common carotid artery was cannulated for continuous blood pressure monitoring, and the right external jugular vein was also cannulated for the IV administration of fluid and drugs. Bilateral pneumothorax was performed to minimize the change of intraperitoneal pressure, which causes spinal cord movements during mechanical ventilation. After stereotaxic fixation, the spinal cord was transected at the level of T10 -12. After the transection of the spinal cord, a lumbar laminectomy was performed to expose the lumbar enlargement of the spinal cord. Two stainless steel needles were placed 1 cm apart near the superficial peroneal (SP) nerve. A silver ball electrode was placed on the ipsilateral side of the lumbar enlargement, and the compound action potential was recorded during electrical stimulation (10 V, 500 s, 0.33 Hz) of the SP nerve percutaneously. At the site at which the largest compound action potential was recorded, the dura was locally opened, and the spinal cord was exposed and bathed in warm liquid paraffin. Approximately 2 h after the transection of the spinal cord, extracellular single-unit recordings were made with glass capillary microelectrodes (5-10 M⍀) filled with 2% pontamine sky blue in 0.5 M sodium acetate. The microelectrode was advanced vertically in 10-m steps using an electronically controlled microstepping drive (ME-71; Narishige, Tokyo, Japan) until a spinal dorsal horn neuron was identified. The neuronal activity from the microelectrode was amplified with the time constant set at 0.01 s. The amplified signals were fed into a memory oscilloscope (VC-11; Nihon Kohden, Tokyo, Japan), a loudspeaker, and a computer through an analog-to-digital converter (MacLab/8S; AD Instruments, Castle Hill, Australia). Neurons were identified by observing the oscilloscope and listening to the sound resulting from peripheral tactile stimulation of a hindpaw. Neuronal impulses were counted using a window discriminator in the computer program and stored on a hard disk.
Wide dynamic range (WDR) neurons were selected by the evoked responses to peripheral stimuli of light touch and pinch. WDR neurons showed increased discharge rate with increasing stimulus intensity and showed maximal responses to noxious stimulation. Touch and pinch stimuli were administered by applying a paintbrush and serrated forceps, respectively, to the center of the receptive field of a hindpaw. To analyze the effects of Xe and N 2 O, each stimulus was carefully administered for 10 s with constant strength throughout the experiment. The experiments were performed 30 min after isolation of the WDR neuron.
Concentration of 70% Xe or 70% N 2 O in oxygen were administered using a nonrebreathing respiration circuit under mechanical ventilation. Concentrations of oxygen, carbon dioxide, N 2 O, and Xe were monitored continuously, with the gas sample obtained at the proximal end of the tracheal tube using an anesthetic gas monitor (Type 1304; Brü el and Kjaer, Naerum, Denmark) and/or a Xe gas monitor (Anzai Sogyo, Tokyo, Japan). Both Xe and N 2 O were administered for 20 min in a random sequence to the same animal. The interval between Xe and N 2 O inhalation was at least 30 min. The responses of WDR neurons evoked by touch and pinch stimuli were recorded every 5 min until 20 min after anesthetic gas administration. The number of neuronal impulses was counted for 10 s during each cutaneous stimulation and was expressed as a percentage of the baseline value, which was the average of two responses before anesthetic gas administration. The response just before anesthetic inhalation served as a control. After the experiments, recording sites were marked by an electrophoretic infiltration of pontamine sky blue from the electrode tip, passing a negative current of 5 A for 10 min.
After killing the animals with an overdose of thiopental, the spinal cord was removed and fixed with 10% formalin. Serial frozen sections (20 m thick) were made and stained with cresyl violet or neutral red, and the locations of recording sites were identified.
Results are expressed as mean Ϯ sem. The statistical significance was calculated using analysis of variance or 2 test. When appropriate, a post hoc comparison was performed using Fisher's protected least significant difference test. P Ͻ 0.05 was considered significant.
Results
Twelve WDR neurons were recorded from the spinal dorsal horn in eight cats. In four animals, two neurons were studied bilaterally (one neuron from each side). All of the WDR neurons studied in this experiment were located in the dorsal horn around laminae V (12) .
When neuronal responses to mechanical stimuli (touch, pinch) were suppressed to Ͻ80% of the baseline response at any time during anesthetic inhalation, the response was defined as being suppressed by the anesthetic gas (8) . In touch-evoked responses, all 12 neuronal responses were suppressed by Xe. Of the 12 neurons, 6 were suppressed and 6 were not suppressed by N 2 O (Table 1) . In pinch-evoked responses, all 12 neuronal responses were also suppressed by Xe. Of the 12 neurons, 4 were suppressed and 8 were not suppressed by N 2 O ( Table 2 ). The differences in the number of suppressed neurons between Xe and N 2 O were statistically significant in both touch-and pinchevoked responses (P Ͻ 0.05). Figure 1 shows typical examples of the neurons that were suppressed by Xe but not by N 2 O. Figure 2 shows typical examples of the neurons that were suppressed by both anesthetics. Figure 3 shows the overall results of touch-and pinch-evoked responses by Xe and N 2 O, respectively. Neuronal responses by both touch and pinch were significantly suppressed after inhalation of Xe (66.3% Ϯ 6.9% and 59.1% Ϯ 4.6%, respectively) compared with the control. However, N 2 O had no significant suppressive effects on touchand pinch-evoked responses (90.9% Ϯ 9.2% and 91.9% Ϯ 7.7%) compared with the control.
After the inhalation of Xe, background activities were either suppressed (n ϭ 8) or unaffected (n ϭ 4), but not enhanced. N 2 O showed variable effects on background activities: suppressed (n ϭ 3), unaffected (n ϭ 4), or enhanced (n ϭ 5).
Physiological signs (blood pressure, heart rate) were stable during the experiments. Blood gas analysis results of the Xe and N 2 
Discussion
The main findings of this study in spinal cordtransected cats are that all WDR neuronal responses to touch and pinch stimuli were suppressed by Xe. In contrast, N 2 O suppressed touch-evoked response in 6 of 12 neurons and suppressed the pinch-evoked response in only 4 of 12 neurons. These results contrast with the results obtained in spinal cord-intact cats, which showed that Xe and N 2 O suppressed spinal cord WDR neurons to a similar extent (8) . These findings suggest that there are different effects from brain to spinal dorsal horn neurons between Xe and N 2 O and that Xe has a suppressive effect on dorsal horn neurons at the spinal cord level.
To clarify the pure pharmacological effects of Xe and N 2 O on spinal neurons, we would have to add decerebration to spinalization to perform experiments without anesthesia. In this study, because we planned to compare our results with those of a previous article using the same conditions (8), we chose ␣-chloralose and urethane as basal anesthesia.
The mechanism of the analgesic properties of Xe is still unknown. In particular, there are few articles regarding the antinociceptive action of Xe. Ohara et al. (13) reported that Xe exerted potent antinociceptive action in rats and that its mechanism was not related to opioid receptors or ␣ 2 -receptors. It was also reported that the subanesthetic concentration of Xe produced antinociception comparable to that of N 2 O in human volunteers (14) . The results of this study suggest that the descending inhibitory system is not involved in the antinociceptive actions of Xe. We recently reported that Xe has a stimulating effect on midbrain reticular neurons, but its potency is weaker than N 2 O (15). Activation of the descending inhibitory system from the midbrain by Xe, if it exists, is thus thought to be weaker than that of N 2 O. It was also reported that the effects of Xe in the brain were unstable and have both stimulating and suppressive action, especially when light anesthesia is used (15) . In contrast to the variable suppressive action of Xe on WDR neurons in spinal cord-intact cats, the constant inhibitory action of Xe to spinal dorsal horn neurons was observed in this experiment. It is possible that the suppressive action on the brain by Xe modified the direct suppressive action of Xe on spinal WDR neurons in spinal cord-intact cats.
Although the antinociceptive properties of N 2 O have been known for many years, the mechanism is unclear. Some reports have suggested that the antinociceptive effects of N 2 O are mediated through the intrinsic opioid system (16 -18) , but others have indicated that naloxone does not antagonize the antinociceptive effect of N 2 O (19 -21) . Komatsu et al. (9) reported that the descending inhibitory system is involved in the antinociceptive effects of N 2 O. The antinociceptive response of N 2 O is mediated by supraspinal opiate and spinal ␣ 2 -adrenergic receptors in rats, and a possible mechanism may involve a descending inhibitory noradrenergic pathway that may be activated by opiate receptors in the periaqueductal gray region of the brainstem in rats after exposure to N 2 O (10,22) . However, as 1/2 (touch) and 1/3 (pinch) of the responses of WDR neurons were inhibited by N 2 O in spinal cord-transected cats in this study, there may be some direct suppressive action of N 2 O on spinal dorsal horn neurons. Some reports have also indicated that N 2 O suppresses spinal cord WDR neurons in spinalized cats (23, 24) .
In conclusion, the antinociceptive action of Xe is not mediated by the descending inhibitory system, but Xe has a direct suppressive action on spinal dorsal horn neurons that is greater than that of N 2 O. n ϭ 12) . B, The effect of Xe or N 2 O on the responses to pinch stimuli of wide dynamic range neurons (n ϭ 12). The average of two points recorded before anesthetic administration was used as a baseline (expressed as 100%). All subsequent responses were expressed as a percentage of baseline value. Data are expressed as mean Ϯ sem. * P Ͻ 0.05, significantly different from the control value (just before anesthetic inhalation).
